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Abstract
We present a class of orthogonal membrane configurations which preserve 1/4 of the
full type IIA supersymmetry. These membrane configurations carry additional F-string
charges. We further analyze the D1 − D3 configuration after applying T- duality along
the world volume directions of the above orthogonal membranes.
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Various configurations of D-branes and their bound states [1, 2, 3, 4] have emerged as
important objects in string theory. They are very useful in understanding string theory
and gauge theory beyond their perturbative regime. They are also important in under-
standing black holes from a microscopic point of view [5]. It is well known by now that a
system of multiple D- branes related by SU(N) rotation, preserves unbroken supersym-
metry [6] and, consequently, it is interesting to study their properties and applications
in order to test various conjectures in string theory. Explicit supergravity solutions for
these branes and their bound states are studied at length in literature [7, 8]. A special
class of such branes are orthogonally intersecting branes. The purpose of this paper is to
construct a class of orthogonally intersecting supersymmetric branes in ten dimensional
type IIA/IIB string theory. We generalize these configurations starting from charged
macroscopic string solution.
Charged macroscopic strings have been useful in the past in establishing various duality
conjectures in string theory. Like the neutral solutions, BPS nature of these configura-
tions, allow us to construct stable multi-string configurations. Charged string solutions are
in general constructed from neutral strings by means of a solution generating technique.
In particular, the solutions presented in [9], are parametrized by a group O(1, 1; 1, 1). In
this case, the complete solution is represented by two nontrivial parameters α and β. The
supersymmetry of the solutions while embedded in type II string theories, is explicitly
shown in [10] for particular values of α and β. In general, these strings carry vectorial
charges and currents in addition to the string charges. The bound states constructed from
these strings are interpreted as D- brane bound sates with F- string charges being dis-
solved in different orthogonal directions [11]. Starting with a particular class of D-branes
of [11], we construct orthogonal membrane configurations in ten dimensions. They are
different from the ones constructed in [12, 13], as our solutions contain NS-NS 2-form
potentials, indicating the presence of F-string charges as well. Indeed in certain limits,
our solution reduces to [12, 13]. It preserves 1/4 of the full IIA supersymmetry. We then
apply T - duality along one of the world volume directions to generate bound state configu-
ration of orthogonal (D1, D3) branes. The existence and stability of (D1⊥D3) is checked
by examining the mass-charge relationship explicitly. We start by writing down the su-
pergravity solution of a D2-brane constructed from the charged macroscopic string[11].
This membrane carries NS-NS two form charge along with the R-R three form potential.
These NS-NS charges are parameterized by the solution generating parameter α. One can
obtain the charge neutral D2-brane solution[14, 15] by taking α = 0 limit.
ds2 =
(1 +X)3/2
1 +X cosh2 α
[ 1
1 +X
{−(dt)2 + (dx9)2 +
1 +X cosh2 α
1 +X
(dx8)
2
}
+
1 +X cosh2 α
1 +X
7∑
i=1
(dxi)2
]
,
eφ
(10)
=
(1 +X)3/2
1 +X cosh2 α
, A(3) = −
X coshα
1 +X cosh2 α
dt ∧ dx8 ∧ dx9,
A(1) = −
X sinhα
1 +X
dx8, B(2) =
X sinhα coshα
1 +X cosh2 α
dt ∧ dx9, (1)
where X = C( l
|~x|
)5 is the harmonic function in the transverse space and l is the length
parameter. Now, we present the supergravity solution of two such membranes orthogonal
to each other. To start with, both membranes (1) are lying in x8 − x9 plane and are
parallel to each other. A rotation between x8 − x9 and x1 − x2 plane is then performed
following [12]. The rotation angles in our case are (θ1, θ2) = (0, π/2), where θ1 and θ2 are
the angles with which the two membranes are being rotated. The second rotated brane
now lies in x1 − x2 plane which is orthogonal to the x8 − x9 plane. The final solution is
given by:
ds2 =
(1 +X)3/2
1 +X cosh2 α
[ 1
1 +X
{−(dt)2 + (1 +X2 cosh
2 α)(dx9)2
+
1 +X cosh2 α
1 +X
(1 +X2)(dx
8)
2
+ (1 +X1 cosh
2 α)(dx1)
2
+
1 +X cosh2 α
1 +X
(1 +X1)(dx
2)
2
}+
1 +X cosh2 α
1 +X
7∑
i=3
(dxi)2
]
,
eφ
(10)
=
(1 +X)3/2
1 +X cosh2 α
,
2
A(3) = −
coshα
1 +X cosh2 α
dt ∧
[
(X1 +X1X2)dx
8 ∧ dx9 − (X2 +X1X2)dx
1 ∧ dx2
]
,
A(1) = −
sinhα
1 +X
(
X1dx
8 +X2dx
2
)
,
B(2) =
sinhα coshα
1 +X cosh2 α
dt ∧ (X1dx
9 −X2dx
1), (2)
where Xa = C(
la
|~x− ~xa|
)3, with a = 1, 2, are the harmonic functions in the tranverse space,
given by xi’s, and X = (X1 + X2 + X1X2)[12, 13] with la’s being the arbitrary positive
parameters having the dimensions of length. To clarify further the form of X appearing
above, one notices that its general structure for a system of two D2-branes, when their
relative orientation is restricted by SU(2) rotation is given by[12, 13, 16]:
X = X1 +X2 +X1X2 sin
2(θ1 − θ2), (3)
with θ1 and θ2 are the angles with which the branes being rotated. In the present context,
however, (θ1, θ2) = (0, π/2). We would like to point out here, that for a configuration of
parallel membranes X is the sum of individual harmonic functions describing each of them.
But, when the branes are oriented at some angle, the form of X gets modified as given
above. As stated earlier, this class of solutions including NS-NS charges, are parametrized
by α. We have also explicitly verified that in asymptotic limit, the above solution indeed
satisfy the type IIA string equations of motion. Moreover, in α = 0 limit of the above
solution reduces to the ones given in [17, 13]. To confirm further the correctness of our
solution, we present the mass-charge relation (of BPS type) in the following discussion.
We have therefore obtained, an orthogonal configuration of membranes following the
procedure as described in [7]. One notices that the above solution carries 3- form R-R
potentials which are in (x8 − x9) and (x1 − x2)-plane. In addition it also carries F -string
charges along x1 and x9 directions. We now go on to check its supersymmetric property
by analyzing the mass-charge relationship explicitly.
The charges associated with the membranes can be read off from the leading behaviour
of the potentials, that are discussed earlier. To simplify the discussion further, a dimen-
3
sional reduction along the isometry directions is performed to check the BPS properties
of our solution, as described in [18, 11]. After dimensional reduction, we get charges from
the following fields : A1t ∼ Bt9, A
2
t ∼ Bt1 A
3
t ∼ At89 and A
4
t ∼ At12, which are as follows:
Q1 = −3C coshα sinhα l1
3,
Q2 = 3C coshα sinhα l2
3,
Q3 = 3C coshα l1
3,
Q4 = −3C coshα l2
3, (4)
where, Qi’s are the charges associated with A
(i)
t with i = 1....4.
The ADM mass density can be calculated by using the formula as given in [19, 7]:
m =
∫ 9−p∑
i=1
ni

9−p∑
j=1
(∂jhij − ∂ihjj)−
p∑
a=1
∂ihaa

 r8−pdΩ, (5)
where ni is a radial unit vector in the transverse space and hµν is the deformation of the
Einstein-frame metric from flat space in the asymptotic region. The ADM mass-density
for this case is found to be:
m(2⊥2) = 3C cosh
2 α(l1
3 + l2
3). (6)
Comparing (4) and (6), we get
m2(2⊥2) = (Q1 −Q2)
2 + (Q3 −Q4)
2. (7)
Now, to show this formula indeed reduces to the BPS bound that preserves certain
amount of supersymmetry, one considers the most general form of the Bogomol’nyi mass
matrix written explicitly in [20]. This matrix [20], corresponds to the most general charges
of the brane configuration. In particular, when the charges are in 2-form tensorial rep-
resentation, the vanishing eigen-value equation of the mass matrix as obtained in [12]
4
indicates the preservation of one-quarter supersymmetry. The precise form of the mass
formula [12] is given by :
m2± = (qijqij ±
1
2
ǫijklqijqkl), (8)
where qij ’s are the nonvanishing charge densities correspond to D- membranes. By suitably
identifying the charges in our case, with qij ’s of [12], eqn.(7) does imply the mass-formula
of one-quarter BPS objects. We therefore conclude that our configuration preserves 1/4
supersymmetry.
We now construct other interesting configurations starting from (2). These will be
constructed by using T-duality property of string theory. In particular, we will consider
the effect of T- duality along one of the world-volume direction, namely along x9. Follow-
ing the rules, that are given in [21, 7], we get the following configurations of the metric,
dilaton, NS-NS 2-form, R-R 2-forms and 4-forms :
ds2 =
(1 +X)1/2
(1 +Xcosh2 α)
[
− 1 +
X21 sinh
2 α cosh2 α
(1 +X)(1 +X2 cosh
2 α)
]
(dt)2
+
(1 +X cosh2 α)
(1 +X)1/2(1 +X2 cosh
2 α)
(dx9)2 +
(1 +X2)
(1 +X)1/2
(dx8)2
+
(1 +X)1/2(1 +X1 cosh
2 α)
(1 +X cosh2 α)
(dx1)2 +
(1 +X1)
(1 +X)1/2
(dx2)2
+
X1 sinhα coshα
(1 +X)1/2(1 +X2 cosh
2 α)
(dt)(dx9) + (1 +X)1/2
7∑
i=3
(dxi)2,
eφ
(10)
=
1 +X
1 +X2 cosh
2 α
,
A
(4)
t189 =
X1X2 sinh
2 α coshα
2(1 +X)(1 +X cosh2 α)
,
A
(4)
t129 = −
[ X22 sinh2 α coshα
2(1 +X)(1 +X cosh2 α)
−
X2(1 +X1) coshα
(1 +X cosh2 α)
]
,
A
(2)
t8 = −
X1(1 +X2) coshα
(1 +X coshα)
, B
(2)
t1 = −
X2 sinhα coshα
(1 +X cosh2 α)
,
5
A
(2)
98 = −
X1 sinhα
(1 +X)
, A
(2)
92 = −
X2 sinhα
(1 +X)
. (9)
Looking at the solutions, one notices that the resulting configurations is a (D1, D3)-bound
state where D1 and D3 are orthogonal to each other. Apart form the R-R charges, they
also carry F-string charges along a plane orthogonal to the D-string. Moreover, setting
X1 = 0, one can verify that the solution presented above reduces to the D3-brane solution
given in [11].
Now we calculate the mass-charge relation for this configuration as well. Once again,
when dimensionally reduce along all the isometry directions, charges arise from the fol-
lowing fields, A1t ∼ At8, A
2
t ∼ Bt1, A
3
t ∼ At129, A
4
t ∼ At189 and A
5
t ∼ gt9/g99. The non-zero
charges corresponding to the various field strengths and the metric components are:
Q1 = 3C l
3
1 coshα,
Q2 = 3C l
3
2 sinhα coshα,
Q3 = −3C l
3
2 coshα,
P = −3C l31 sinhα coshα, (10)
where Qi’s and P are the charges corresponding to the gauge fields A
i
t,(i= 1, 2, 3) and A
5
i
respectively. P is the momentum in the x9 direction of the 10- dimensional theory. The
mass density of (D1⊥D3) is given by:
m(3⊥1) = 3C(l1
3 + l2
3) cosh2 α. (11)
The mass formula following from (10) and (11) can be written as:
m(3⊥1)
2 = (Q1 −Q3)
2 + (Q2 − P )
2. (12)
On the basis of our earlier observations, the above formula again indicates that a bound
of 1/4 BPS objects is saturated.
6
We have therefore constructed, in this paper, a general class of intersecting D- brane
configuration starting from charged macroscopic strings. Preservation of one-quarter su-
persymmetry of these orthogonal brane configurations is shown by analyzing the BPS
mass-bound explicitly. It will certainly be interesting to show the existence and su-
persymmetry properties of these bound states, when one of them being rotated by an
arbitrary SU(2) angle. We hope to report on it in the future.
Acknowledgement: We would like to thank S. Mukherji for suggesting us the prob-
lem, for useful discussions at each step of the work and for a critical reading of the
manuscript. We are grateful to A. Kumar for several crucial discussions, for clarifying
important points and for a critical reading of the manuscript.
References
[1] E. Witten, Nucl.Phys. B460 (1996) 335, hep-th/9510135.
[2] M. Li, Nucl.Phys. B460 (1996) 351, hep-th/9510161.
[3] M. R. Douglas, “Cargese 1997, Strings, branes and dualities” 267, hep-th/9512077.
[4] A. Kumar, R. R. Nayak and K. L. Panigrahi, Phys. Rev. Lett. 88 (2002) 121601,
hep-th/0108174
[5] J. M. Maldacena, L. Susskind, Nucl. Phys. B475, (1996) 679, hep-th/9604042.
[6] M. Berkooz, M. R. Douglas and R. G. Leigh, Nucl.Phys. B480 (1996) 265, hep-
th/9606139.
[7] J.C. Breckenridge, G. Michaud and R.C. Myers, Phys.Rev.D55 (1997) 6438, hep-
th/9611174.
[8] J. P. Gauntlett, hep-th/9705011.
[9] A. Sen, Nucl.Phys.B388(1992) 457, hep-th/9206016.
7
[10] A. Kumar, JHEP 9912 (1999) 001, hep-th/9911090.
[11] A. Kumar, S. Mukherji and K. L. Panigrahi, hep-th/0112219.
[12] J.C. Breckenridge, G. Michaud and R.C. Myers, Phys.Rev.D56 (1997) 5172, hep-
th/9703041.
[13] N.Hambli, phys.Rev.D56 (1997) 2369, hep-th/9703179.
[14] J. P. Gauntlett, D. A. Kastor, J. Traschen, Nucl.Phys. B478 (1996) 544, hep-
th/9604179.
[15] M. J. Duff, R. R. Khuri, J. X. Lu, Phys.Rept. 259 (1995) 213, hep-th/9412184.
[16] V. Balasubramanian, F. Larsen, R.G. Leigh, Phys.Rev. D57 (1998) 3509, hep-
th/9704143.
[17] A.A. Tseytlin, Nucl.Phys. B475 (1996) 149,hep-th/9604035.
[18] S.Roy, Nucl.Phys B538 (1999) 149, hep-th/9805180.
[19] J. X. Lu, Phys.Lett. B313 (1993) 29, hep-th/9304159.
[20] H. Lu and C. Pope, Nucl. Phys. B465 (1996) 127, hep-th/9512012.
[21] E. Bergshoeff, C. M. Hull and T. Ortin, Nucl.Phys.B451 (1995) 547, hep-th/9504081.
8
